A direct quadrature phase shift keying modulator based on six-port technology is presented. The modulator comprises a six-port circuit, a switch matrix and open and short terminations. Using this modulator, direct phase shift keying modulation was achieved. Six-port technology has the advantage of signal integrity, low power consumption and physical scalability to attain different frequencies of operation and extendibility to M-ary phase shift keying. Experiment results demonstrate performance with an output phase difference from 0.8 to 4.5 and an amplitude difference from 0.5 to 2.7 dB. A data throughput of 200 Mbits was attained.
Introduction: Six-port circuits have been used for microwave measurements [1] and direct conversion receivers of quadrature phase shift keying (QPSK) signals [2] . The six-port as a modulator has not been studied to date. A conventional QPSK modulator employs heterodyne architecture, which requires IF mixers, in-phase and quadrature carriers and an RF upconversion section. Compared with a heterodyne modulator, this direct QPSK modulator eliminates the need for IF modulation and RF upconversion, consequently reducing power consumption and circuit complexity. Several designs for a direct modulator [3] have received widespread attention. The sixport based modulator, owing to its lack of nonlinear elements, can be scaled dimensionally and operates from RF to millimetre-wave frequencies, which is not the case with some other direct modulators. Also, extendibility to M-ary phase shift keying (M-PSK) is possible because the architecture allows a variety of terminations to be applied to its ports.
Architecture description: Fig. 1 is a diagram of the six-port direct modulator. It consists of a six-port circuit, a switch matrix, and open and short terminations. A six-port circuit is shown in Fig. 2 , which adopts a power divider and three-hybrid coupler. The circuit operates as follows: port 1 is fed with a carrier signal which is routed to ports 3, 4, 5 and 6 through the different branches of the six-port circuit. Signals present at ports 3 to 6 are routed to different termina-tions by the switch matrix, controlled by baseband data. Those reflected signals are then summed at port 2, which is the output for the modulated signal. The output signal acquires different phases depending on the terminations applied at ports 3-6. The six-port circuit can be fabricated using several methods such as monolithic microwave integrated circuit, substrate integrated waveguide, etc. Using suitable fabrication technologies, the modulator can be scaled dimensionally and operates from RF to millimetre-wave frequencies.
For QPSK modulation, only two types of terminations, open and short, are necessary. The direct modulation architecture can be extended to realise M-PSK by using more intermediary terminations having for instance 45 phase change aside from only short and open terminations.
Derivation and simulation: According to the structure of the six-port circuit, the transfer function between port 1 and port 2 of the modulator can be derived and expressed as follows:
where f 1 , f 2 and y are phase changes of a power divider branch, hybrid coupler branch and transmission line respectively and i represents the ith configuration of four different termination configurations. For a single carrier, f 1 , f 2 and y are constants; (f 1 þ 3f 2 þ 2y) is the unwanted total phase change of the components and the transmission lines. It can be designed to be a discrete multiple of 360 in order to eliminate the phase variation of the modulated signal. Table 1 shows the termination configurations and the resulting phase differences between ports 1 and 2. An ideal six-port modulator was first simulated to provide a reference for comparison. In the simulation, a six-port model was implemented based on the structure in Fig. 2 . The power divider and hybrid couplers were simulated using ideal S-parameters. Under different termination configurations, the output waveforms of the vari-ous QPSK modulation states were obtained and are shown in Fig. 3 . They agree with the results derived from (1). Fig. 3 Carrier signal and QPSK modulated signals produced using termination configurations of Table 1 A more realistic simulation was performed using the measured S-parameters of the commercial power divider and hybrid couplers in order to study the effect of phase and amplitude imbalances. The commercial power divider and hybrid couplers used in the test bench have a typical amplitude imbalance of AE 0.30 dB and phase imbalance of AE 3
. An IQ impairment analysis was performed by sweeping the amplitude imbalance between À0.3 to 0.3 dB and the phase imbalance between À3 to 3 . The simulation results show the phase difference ranges from À11.3 to 11.4 and the amplitude difference ranges from 0.3 to 2.3 dB. The impaired IQ constellation points are presented in Fig. 4 and compared with the ideal points. To overcome the IQ impairment, an optimisation process was designed according to (1) . The lengths of four connecting cables are specified as parameters to be optimised under the goal of minimising both the phase error and amplitude error. During the optimisation process two different search methods, gradient and random, were used for better accuracy. The optimised lengths are L1 ¼ 2590 mil, L2 ¼ 3387 mil, L3 ¼ 2586 mil and
and amplitude difference from 0.4 to 1.63 dB were achieved at carrier frequency 4.0 GHz, which is an improved result. Note that the contribution to the IQ impairment by the phase and amplitude imbalance can also be reduced by calibration algorithms used in receiver processing. Experimental results: The six-port modulator, shown in Fig. 2 , was designed and fabricated using the truncated optimal lengths within a manufacturing tolerance of 0.1 inch.
S-parameter measurements were carried out between ports 1 and 2. Different combinations of connectorised coaxial shorts and opens were applied to ports 3 to 6, as indicated in Table 1 . The modulated signal constellation, derived from measured S 21 data, is compared with simulated and ideal points in Fig. 4 . A phase difference from 0.8 to 4.5 and an amplitude difference from 0.5 to 2.7 dB were achieved, which shows close correlation with the previous optimised result, which used the exact cable lengths.
Spectrum of the modulated signal was measured. The carrier signal had a frequency and level of 4.0 GHz and 5 dBm. Modulating signals of I and Q channels were using rectangular pseudorandom sequences each at a symbol rate of 100 Msps.
Conclusions:
We have proposed and experimentally demonstrated a direct phase modulator based on six-port technology. IQ impairment was analysed and modulation accuracy was improved by optimising the circuit. Measurement and simulation results show that accurate phase modulation was achieved. The modulator was successfully used with a data throughput of 200 Mbit=s. Important advantages of this direct modulator include physical scalability attaining different frequencies of operation and extendibility to M-PSK. Owing to the passiveness of six-port technology, the modulator intrinsically has the advantages of signal integrity and low power consumption. 
